We investigate how dark energy properties impact the cosmological limits on the total mass of active neutrinos. We consider two typical, simple dark energy models (that have only one more additional parameter than ΛCDM), i.e., the wCDM model and the holographic dark energy (HDE) model, as examples, to make an analysis. In the cosmological fits, we use the Planck 2015 temperature and polarization data, in combination with other low-redshift observations, including the baryon acoustic oscillations, type Ia supernovae, and Hubble constant measurement, as well as the Planck lensing measurements. We find that, once dynamical dark energy is considered, the degeneracy between mν and H0 will be changed, i.e., in the ΛCDM model, mν is anti-correlated with H0, but in the wCDM and HDE models, mν becomes positively correlated with H0. Compared to ΛCDM, in the wCDM model the limit on mν becomes much looser, but in the HDE model the limit becomes much tighter. In the HDE model, we obtain mν < 0.113 eV (95% CL) with the combined data sets, which is perhaps the most stringent upper limit by far on neutrino mass. Thus, our result in the HDE model is nearly ready to diagnose the neutrino mass hierarchy with the current cosmological observations.
The solar and atmospheric neutrino experiments have shown that neutrinos are massive and that there is significant mixing between different neutrino species (see [1] for a review). However, the measurement of the absolute neutrino mass scale is a challenge for experimental particle physics. The neutrino oscillation experiments can only measure the squared mass differences between the neutrino mass eigenstates. Cosmological observations are, nevertheless, more prone to be capable of detecting the effects of the absolute neutrino mass. The cosmic microwave background (CMB) observations, combined with large-scale structure and distance measurements, have been providing tight limits on the total mass of neutrinos (see, e.g., [2, 3] , and references therein).
Massive neutrinos could affect the CMB anisotropies and matter clustering, thus providing a potential way to weigh them through the CMB and large-scale structure observations. The fact that neutrinos have masses changes the redshift of matter-radiation equality epoch z eq , and thus affects the position and amplitude of the acoustic peaks in the CMB power spectrum. The neutrino mass will change the angular diameter distance to the last scattering surface, D A (z * ). To ensure the same observed acoustic peak scale θ * , the effect on the background cosmology can be compensated by changing other background parameters, such as the Hubble constant H 0 and the equation-of-state parameter of dark energy w (or other parameters characterizing dark energy properties). This is why the neutrino mass m ν (summed over the three neutrino families) is degenerated with H 0 and w. The neutrino mass also affects the slope of the CMB power spectrum at low multipoles due to the integrated Sachs-Wolfe (ISW) effect that describes the energy change of CMB photons caused by the decay of * Electronic address: zhangxin@mail.neu.edu.cn the gravitational potentials during radiation domination (early ISW effect) or dark energy domination (late ISW effect). In addition, due to the large thermal velocity of neutrinos which leads to a large free-streaming scale, the massive neutrinos could free-stream out of matter perturbations, and thus introduce a scale-dependent suppression of the clustering amplitude. This also affects the late-time effect of lensing on the CMB power spectrum, i.e., massive neutrinos also suppress the lensing potential.
The Planck 2015 CMB data have provided the tight limits on the total mass of active neutrinos, m ν [3] . The base ΛCDM model assumes a normal mass hierarchy of neutrinos with m ν ≈ 0.06 eV (dominated by the heaviest neutrino mass eigenstate). When the model is extended to allow for larger neutrino masses, a reasonable assumption is that the three species of neutrinos have degenerate masses, neglecting the small differences between mass eigenstates. For the ΛCDM model, the Planck data (Planck TT+lowP) give the constraint m ν < 0.72 eV. 1 Here, "lowP" denotes the Planck lowtemperature-polarization data. It is known that the CMB data alone have a limitation to constrain the neutrino mass due to the acoustic scale degeneracy with H 0 . So, it is necessary to combine the CMB data with other late-time cosmological probes in order to break the degeneracy. Adding the baryon acoustic oscillation (BAO) data could help to break the acoustic scale degeneracy and tighten the constraint on m ν substantially. The Planck TT+lowP+BAO data combination changes the limit to: m ν < 0.21 eV. Since the full Planck mission 1 The CMB data alone can only loosely constrain the total neutrino mass. For dynamical dark energy models, the situation is almost the same. For example, for the wCDM model and the holographic dark energy model, our numerical calculations show that the Planck TT+lowP data give mν < 0.76 eV and mν < 0.61 eV, respectively.
released the first analysis of the Planck polarization data, one could add the polarization data to the constraint, which will further tighten the neutrino mass limit. The combination of Planck TT, TE, EE+lowP+BAO leads to the limit m ν < 0.17 eV. Note that all the upper limit values for neutrino mass quoted in this paper refer to the 95% confidence level (CL).
It should also be noticed that dark energy properties would impact the constraints on neutrino mass with cosmological observations. The cosmological limits on neutrino mass in some dynamical dark energy models have been discussed in the literature [4] [5] [6] [7] . In this paper, we will investigate how a dynamical dark energy impacts the measurements of neutrino mass m ν with the Planck 2015 data, compared to the case of ΛCDM.
Though the cosmological constant (or vacuum energy) Λ is the simplest candidate of dark energy and the ΛCDM model can fit various cosmological observations quite well, it always suffers from the severe theoretical challenges, and actually some other possibilities for dark energy could not be excluded currently. But there exists too many seemingly viable dark energy models originating from various physical considerations. Of course, in practice, it is not possible, and not necessary, to discuss them one by one. A feasible scheme is to choose some typical dark energy models, as the simple extensions to ΛCDM, to detect the effects of dark energy properties on weighing neutrinos.
In this paper we only consider the simplest dynamical dark energy models, which means that the models we choose are those having only one more parameter compared to ΛCDM. The first one is the wCDM model in which dark energy has a constant equation of state (EoS) w. Though it is simple, it seems that we have no reason to let w remain constant in the actual physical consideration. Usually, one can test a time-varying EoS by adopting the parametrization of w(a) = w 0 + w a (1 − a). But this will introduce one more additional parameter, and so we do not consider such a case in this paper. Actually, a more reasonable way in this regard to test a time-varying EoS is to consider the holographic dark energy (HDE) model [8] [9] [10] which has the only additional parameter c in the definition of its energy density,
EH , where M Pl is the reduced Planck mass and R EH is the event horizon size of the universe. Note here that c is not the speed of light (actually we adopt in this paper the natural units in which the speed of light equals one), but the parameter of HDE. In the HDE model, c is a dimensionless parameter that solely determines the evolution of dark energy [11] [12] [13] [14] [15] ; see the equations (2.4)-(2.7) in [7] for the evolution of dark energy in the HDE model with massive neutrinos and dark radiation.
We use the Planck 2015 CMB power spectra data, in combination with other astrophysical data, to place constraints on the neutrino mass in the two considered dynamical dark energy models, and then make a comparison with the case of ΛCDM. We use the Planck 2015 CMB temperature and polarization data [16] in our calculations. We consider the combination of the likelihood at 30 ≤ ≤ 2500 in the TT, TE, and EE power spectra and the Planck low-likelihood in the range of 2 ≤ ≤ 29, which is denoted as "Planck TT,TE,EE+lowP," following the nomenclature of the Planck collaboration [3] . In order to break the geometric degeneracy, it is necessary to consider the BAO data. Following [3] , we use the BAO data of the six-degree-field galaxy survey (6dFGS) at z eff = 0.106 [17] , the SDSS main galaxy sample (MGS) at z eff = 0.15 [18] , the baryon oscillation spectroscopic survey (BOSS) "LOWZ" at z eff = 0.32 [19] , and the BOSS CMASS (i.e., "constant mass" sample) at z eff = 0.57 [19] . Our basic data combination adopted in this paper is the Planck TT,TE,EE+lowP+BAO combination.
To simultaneously constrain dark energy parameters, one needs to include more low-redshift measurements. We thus consider the type Ia supernova (SN) data and the Hubble constant measurement. For the SN data, we use the "joint light-curve analysis" (JLA) sample [20] . For the Hubble constant direct measurement, we use the value given by Efstathiou [21] , H 0 = 70.6 ± 3.3 km s −1
Mpc
−1 (derived from a re-analysis of the Cepheid data of Riess et al. [22] using the revised geometric maser distance to NGC 4258). In addition, since the CMB lensing can provide additional information at low redshifts, it is also useful to employ the Planck lensing likelihood [23] in our calculations.
In addition, to probe the neutrino mass and dark energy properties, the measurements of growth of structure are rather important. For example, the observations of redshift space distortions (RSD), weak gravitational lensing (WL), and galaxy cluster counts have been used to search for massive neutrinos [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and to distinguish between effects of dark energy and modified gravity [36] [37] [38] [39] [40] , and the combination of Planck, RSD and WL data does prefer extensions to the base ΛCDM cosmology. However, it is believed that currently significant, uncontrolled systematics still remains, more or less, in these measurements. Therefore, we do not use RSD, WL, or cluster counts measurements for combined constraints in this paper.
We use the CosmoMC package [41] to infer the posterior probability distributions of parameters. We set flat priors for the base parameters; the prior ranges for the parameters are chosen to be much wider than the posterior in order not to affect the results of parameter estimation. The perturbations in dark energy are also considered in our calculations, which is physically necessary, though for smooth dark energy the clustering of dark energy inside the horizon is strongly suppressed. To deal with the perturbation divergence problem at the w = −1 crossing [42] in some dynamical dark energy models such as the HDE model, we employ the "parametrized post-Friedmann" (PPF) framework [43, 44] as implemented in CAMB [45] (see also [46] [47] [48] ). In the following, we report the results of the parameter estimation.
We discuss the fitting results of the three models, ΛCDM, wCDM, and HDE, under the constraints from the two data combinations, i.e., Planck TT, TE, EE + lowP + BAO and Planck TT, TE, EE + lowP + BAO + lensing + SN + H 0 . In these models, we consider the total mass of three species of active neutrinos, m ν . The degenerate-mass assumption is made for the three species of neutrinos, as mentioned above. Note also that the three cosmological models have different numbers of parameters: the ΛCDM model has seven base parameters, and the wCDM and HDE models have eight base parameters.
The fitting results are shown in Table I and Figs. 1-3. In Table I , we present the fit values with ±1σ errors for the parameters, but for the total mass of neutrinos m ν , we give the 95% CL upper limits. In Figs. 1-3 , we show the 68% and 95% CL posterior distribution contours for the models.
In the case of Planck TT,TE,EE+lowP+BAO constraints, we have m ν < 0.177 eV for ΛCDM, m ν < 0.328 eV for wCDM, and m ν < 0.168 eV for HDE. We find that in the wCDM model, the upper limit of m ν is much bigger than that in the ΛCDM model. But in this case, the HDE model yields a slightly smaller limit value of neutrino mass than the ΛCDM model. Comparing the χ 2 values of the three models in the fit, we find that the wCDM model performs slightly better than the ΛCDM model by ∆χ 2 = −1.66, at the expense of adding one more parameter. But the HDE model performs worse than ΛCDM by ∆χ 2 = 4.56 though it has one more parameter. A careful check reveals that the reason for this is that the HDE model cannot fit the BAO point at z eff = 0.57 well in the global fit, of which ∆χ 2 contributes solely about 3.
In Fig. 1 , we compare the constraint results of the three models in the fit to the Planck TT,TE,EE+lowP+BAO data combination. We find that the fit values of Ω b h 2 and Ω c h 2 are similar for the three models, but the results of Ω m , H 0 , and σ 8 are quite different. This indicates that the dark energy properties play an important role in changing the fit results.
The Planck data have accurately measured the acoustic peaks and thus the observed angular size of acoustic scale θ * = r s /D A is determined to a high precision (much better than 0.1% precision at 1σ). This places tight constraints on some combinations of the cosmological parameters that determine r s and D A . In the cosmological fit using the Planck data, the parameter combinations must be constrained to be close to a surface of constant θ * . This surface depends on the models that are assumed. In the ΛCDM model, the precise determination of θ * yields a nearly constant Ω m h 3 . But for the wCDM and HDE models, this is not true; the distributions of Ω m h 3 in these two models are much broader than in the ΛCDM model [49] . However, the three models have the similar distributions of Ω m h 2 [49] . The constraints on Ω m h 3 and Ω m h 2 lead to the fact that H 0 can be tightly constrained in the ΛCDM model, but cannot be so well constrained in dynamical dark energy models. Therefore, we find that dark energy properties significantly affect the determination of Ω m h 3 and thus the value of H 0 .
From Fig. 1 , we also find that m ν is anti-correlated with H 0 in the ΛCDM model, but is positively correlated with H 0 in the wCDM and HDE models. The degeneracy in the parameter space gives rise to consistent changes in parameters including H 0 , Ω m , m ν , and w (or c), so that the ratio of the sound horizon and angular diameter distance remains nearly constant. Changes in the dark energy density due to its dynamical properties (characterized by w or c in our cases) could have some effects on the parameters such as H 0 and m ν because they would change to compensate. Hence, the impacts of dark energy lead to the changes of correlation between m ν and H 0 .
Neutrino masses could suppress the powers of CMB, which can be compensated by increasing the amplitude of primordial spectrum A s . The measurements of the CMB temperature power spectrum provide a highly accurate measurement of the combination A s e −2τ , where τ is the reionization optical depth parameter, which leads to a strong degeneracy (positive correlation) between A s and τ . Thus we can infer that m ν is positively correlated with τ , which is confirmed in Fig. 1 for all the three models. We find that the current CMB+BAO data prefer a high value of τ (τ ∼ 0.081 − 0.086) for all the models. As shown in [3] , the CMB lensing data could break the degeneracy between A s and τ , and in the case of ΛCDM, the value of τ could be lowered by adding lensing data.
In addition, due to the free-streaming of massive neutrinos, larger masses tend to prefer lower σ 8 , thus m ν is anti-correlated with σ 8 , as confirmed by the constraint results for all the models in Fig. 1 .
Adding the BAO data helps partly break the geometric degeneracies, but not enough. In order to further break the degeneracies, in particular, to accurately probe the dark energy properties and measure neutrino mass, one needs to add more low-redshift observations, such as SN and H 0 , as well as CMB lensing. Figure 2 shows the comparison of the three models under the constraints from Planck TT,TE,EE+lowP+BAO+lensing+SN+H 0 . In this case, we have m ν < 0.197 eV for ΛCDM, m ν < 0.304 eV for wCDM, and m ν < 0.113 eV for HDE. Thus, we see that adding the low-redshift data changes the values of upper limit of m ν . For the ΛCDM model, the constraint becomes slightly weaker; for the wCDM model, the constraint becomes slightly tighter; and for the HDE model, the constraint is significantly tightened.
We also find that adding the CMB lensing data indeed helps improve the measurement of τ . For the ΛCDM and wCDM models, the values of τ are significantly lowered by adding lensing data, but for the HDE data, the central value of τ is still at 0.083 in this case.
To directly show how dark energy properties affect the constraints on neutrino mass, we plot the twodimensional posterior distribution contours (68% and 95% CL) in the m ν -w plane for wCDM and in the m ν -c plane for HDE, under the constraints from the both two data combinations, in Fig. 3 . We find that, in the wCDM model, m ν is anti-correlated with w, and in the HDE model, m ν is also anti-correlated with c. Evidently, adding low-redshift data tightens the constraints on dark energy parameters and thus changes the limits on neutrino mass. For the wCDM model, we have w = −1.068 when the low-redshift observations are included. We find that, for the HDE model, the Planck CMB data prefer a low value of c, and the low-redshift observations tend to drive c upward to a higher value, which is in accordance with the conclusions in previous studies [7, 49] . The changes of c strikingly impact the measurements of neutrino mass, and thus we obtain the extremely stringent limit, m ν < 0.113 eV, in this case. Since m ν must be greater than approximately 0.1 eV in the inverted mass hierarchy (degenerate hierarchy in cosmology) [50] , our result in the HDE model is nearly ready to diagnose the neutrino mass hierarchy with the current cosmological probes.
In conclusion, the dark energy properties could significantly impact the constraint limits on neutrino mass m ν . To test how dynamical dark energy would affect the constraints on m ν , we employ two typical, simple dark energy models as examples, i.e., the wCDM model and the HDE model, to make an analysis. They both have only one more parameter than the ΛCDM model. We use the Planck 2015 temperature and polarization data, in combination with other low-redshift observations, to constrain the models. The acoustic scale degeneracy leads to consistent changes in parameters such as H 0 , m ν , and w (or c), which ensures that the ratio of the sound horizon and angular diameter distance remains nearly constant. Thus the dark energy parameters could have effects on the parameters such as H 0 and m ν since they would change to compensate. This leads to the fact that, in the ΛCDM model, m ν is anticorrelated with H 0 , but once dynamical dark energy is introduced, m ν becomes positively correlated with H 0 , as shown in the wCDM and HDE models (Figs. 1 and  2 ). Our analysis also shows that m ν is anti-correlated with w in the wCDM model and is anti-correlated with c in the HDE model (Fig. 3) . We find that in the wCDM model the limits on m ν become much looser, but in the HDE model the limits become much more stringent.
Using the Planck TT,TE,EE+lowP+BAO data, we obtain m ν < 0.177 eV for ΛCDM, m ν < 0.328 eV for wCDM, and m ν < 0.168 eV for HDE. Using the Planck TT,TE,EE+lowP+BAO+lensing+SN+H 0 data, we obtain m ν < 0.197 eV for ΛCDM, m ν < 0.304 eV for wCDM, and m ν < 0.113 eV for HDE. Therefore, we conclude that in the HDE model we can get perhaps the most stringent upper limit by far on the total mass of active neutrinos, m ν < 0.113 eV, with the combined cosmological data sets. Our study shows that, if dark energy is not a cosmological constant, then the allowed neutrino mass window could become much tighter and would be further closed by forthcoming observations. We will leave further relevant discussions on this subject to a forthcoming paper [51] .
